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Detection of Micrometastases in
Sentinel Lymph Node (SLN)

Primary tumor metastasizes through lymphatic system
Melanoma, Breast cancer, Head and neck squamous carcinoma

Sentinel lymph node
Metastasis SLN is a first organ to be
reached by metastasizing
cancer cells from the
primary tumor
single imaging
modallty can
localize SLN, and
detect metastases
(presence of cancer

cellsin SLN)

Detection/Characterization/Treatment
of SLN using Imaging/Biopsy/Surgery




Detection/Characterization of SLN
using Imaging/Biopsy

» Dye and radioactive tracer are Vetastasis
injected near the tumor

« Contrast agent is allowed to )
drain to lymph nodes

» Lymphoscintigraphy is
performed to identify the

sentinel node « Highly effective
- Biopsy is performed to sample ¢ Accurate prognosis
sentinel lymph node * May take up to 2 weeks

« If positive for micrometastatic  « |nvasive
cancer cell, sentinel and « Requires multiple specialists

axillary lymph nodes are (nuclear medicine, surgery,
surgically removed pathology)

Detection/Characterization/Treatment
of SLN using Imaglng/Blopsy/Surgery

ﬁ :

Disease Management

Monitoring
Treatment )
(D]
©
(3]
B
Characterization | Q)
. Information
Detection
Anatomical Physiological Cellular
Morphological Biochemical Sub-cellular

Structural Functional Molecular




Disease Management: Problem
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Disease Management: Challenge
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Solution:
Ultrasound and Photoacoustics
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Photoacoustics Imaging and Sensing:
Alexander Bell, 1980

Photoacoustics:

and Thunder

Photoacoustics Imaging
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EM = Heat

Heat - Pressure




Photoacoustics Imaging

and Thunder

An optical absorber is ey -2
irradiated with a short pulse | (Z) =F .e "™
of light (up to 5 cm deep) o
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and converted into thermal

energy (0.01-0.05 °C) I Cp
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Optical energy is absorbed DT(Z) - /7Z(Z)F(Z)

Deposition of heat leads to ihili
rapid thermal expansion of Incompresszbzlzly
medium and generation of

acoustic (pressure) small DT & Iarge P

transients (hundreds of Pa)
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\ The acoustic signal can be B p(z) = F.ﬂa(z) -F(2)

\ recorded using ultrasound
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transducer and used to
\\ } “detect” the absorber z=V, gt
A\ N=" y soun

Photoacoustic Imaging:
Optical (Imaging/Therapeutic) Window

Contrast in PA imaging is primarily
related to optical absorption

p(2)=T-1,(2)-F(2)
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Integrated USPA Imaging System
(Ultrasound and Photoacoustics)
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Integrated
Imaging
Probe,




Integrated USPA Imaging System
(Ultrasound and Photoacoustics)

Several clinical systems are
being developed and tested

Clinical Prototype of USPA Imager

Ultrasound imaging system (Verasonics) Laser (Opotek)  Handheld
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Detection/Characterization/Therapy of
SLN using USPA Imaging
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Mouse Model of
Metastatic Oral Cancer

* Primary tumor in a tongue of a mouse

« After 2-3 weeks, micrometastatic foci are
formed in sentinel lymph node(s)
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Detection/Characterization/Therapy of

SLN using USPA Imaging
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Functional Imaging: e e
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Functional Imaging:

Total Hemoglobin and Oxygen Saturation
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Detection/Characterization of SNL

Normal lymph
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Metastatic
lymph node
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Detection/Characterization of SNL

Uttrasound

* SO, varies with

metastatic invasion

SO, indicated

widespread functional

changes

« SO, is inversely related
to metastasis size
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Detection/Characterization/Therapy of
SLN using USPA Imaging
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Cellular/Molecular Imaging
(Cancer cells, Stem cells, Macrophages, etc.)
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Cellular/Molecular Imaging
(Cancer cells, Stem cells, Macrophages, etc.)

(Clinically approved) [ Dye-stained cells
optical dyes B "

S o, 0%

Nanoparticle-labeled cells
et s

(Metallic)
nanoparticles
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Contrast nanoAgents for
US/PA Molecular Imaging

©

Silver/ Silver

Silver
polymer stars nanoplates

Silica-coated gold nanorods Remotely-triggered

photo-acoustic nanodroplets
Magneto-
Nanoclusters photo-

» 7| acoustic
liposomes

G

200 nm

Contrast Agents for Molecular US/PA Imaging:

Plasmonic Nanoparticles and/or Optical Dyes
Nanospheres® = ——————— e== Nanorods
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Contrast Agents for Molecular US/PA Imaging:

Plasmonic Nanoparticles and/or Optical Dyes
Nanospheres @ = ———_——— e=» Nanorods
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Contrast Agents for Molecular US/PA Imaging:

Plasmonic Nanoparticles and/or Optical Dyes
Nanospheres @ = ——————— e== Nanorods
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Ultrasound/Photoacoustic Imaging with
Molecularly Targeted NanoAgents

)

Integrated
Imaging
Probe,
3
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Detection and Characterization of SLN
using Molecular USPA Imaging

Tumor
Sentinel

« Cocktail of optical dye and

targeted gold nanospheres =S
are injected near the tumor ¢ \g‘
. L5
« Ultrasound-guided 5 /18
photoacoustic (USPA) imaging 3
is performed to identify Targeted gold
— the sentinel node nanospheres
— cancer cells within the node e
¥ Linker -
& pecsi y
@ e

Detection of Micrometastases in
Sentinel Lymph Node (SLN)

* We have developed an approach based on

— Gold nanospheres targeted to phenotype of the
primary tumor (peak absorption at ~530 nm)

— Ultrasound-guided spectroscopic photoacouistics
* In this approach
— Nanoparticles are injected near the tumor and
allowed to drain to lymph node (SLN)
— US/PA imaging is performed within 680-750 nm

wavelength range to identify receptor-mediated
endosytosed nanopatrticles

Molecular Photoacoustic Imaging

Ultrasound

Photoacoustics

Drainage only, - US/PA imaging of tissue models  Drainage and
no cells-NPs  [using 680 nm optical wavelength cells-NPs
interaction  that is away from the resonance interaction

" ”,,A of individual particles (530 nm)
Y

A
~ A Normal cells Cancer cells ARG <
/\ mixed with NPs | mixed with NPs
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Molecular Photoacoustic Imaging

Ultrasound

Photoacoustics

Drainage only, Drainage and

3:0,75
no cells-NPs S cells-NPs
interaction S 050 interaction
Y A S
A Yoy Roas

Wavelength (nm)
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Molecular Photoacoustic Imaging

Ultrasound
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Drainage and
cells-NPs
interaction

Drainage only, 5 qated nanoparticles, due to

0o cells-NPs interaction with cancer cells
interaction !

7-,' Ay change their optical properties
A

<A Y and act as molecularly 3 *A*"
m activated nanosensors. M

Photoacoustic Detection of
Micrometastases in
Sentinel Lymph Node

« Injection of molecularly active plasmonic
sensors — MAPS (targeted 40 nm gold
nanospheres)

VevolAZR
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In-Vivo Mouse Imaging Studies

Group A Group B Group C
Match Mismatch No match
EGFR-positive EGFR-positive No tumor
tumor and mets tumor and mets (normal mouse)
EGFR targeted RG16 targeterd EGFR targeted
nanospheres nanospheres nanospheres

(Group B)

~
O
o P
=
o
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o
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(Group A)

Metastatic Mouse Model

Primary tumor

(tongue) \

Meta

Ultrasound

In-Vivo Mouse Imaging Studies

Representative comparison 3-D USPAimages,

between three groups cut-away view
- (Group A)

LN, blood,
and NPs are shown
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SPA oy Signal (a.u.)

Statistical Analysis

2.5
5 ] * p=.0002
t p=.0039
15 t - Statistically significant
* increase in sPA signal in
) ] positive group
* Sensitivity = 85.7%
051 + Specificity = 87.5%
* T
0 4 T T
Group A Group B Group C
n =12 nodes n =7 nodes n =5 nodes

Before injection

» Molecular PA imaging
can identify metastasis
within 30 minutes after
contrast agent injection.

* Clinically, the procedure
can be performed within
2-4 hour visit to an
outpatient facility.
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Detection/Characterization/Therapy of
SLN using USPA Imaging

Monitoring
Treatment
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Detection/Characterization of SLN and
Treatment of Axillary Lymph Nodes

-

< Cocktalil of dye and small (5-nm)
targeted gold nanospheres are
injected near the tumor ,5:)’;

« Contrast agent is allowed to
drain to lymph nodes

« Ultrasound-guided
photoacoustic (USPA) imaging
is performed to identify
— the sentinel node
— cancer cells within the node

- If positive for micrometastatic + Cancer specific
cancer cell, sentinel and axillary ¢ Immediate
lymph nodes may be removed

» Non-invasive
* Non-ionizing
* Accurate

Detection/Characterization of SLN and
Treatment of Axillary Lymph Nodes

=

* Photothermal therapy
* Imaging = Therapy
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Integrated US/PA Imaging and
Image-Guided Therapeutic System

Role of USPA Imaging in
Photothermal Therapy

Targeted #
Nanoparticles

-

-

: Temperature
, Camcer' - 4 mapping

- Cell
-

NP-labeled
Cancer Cell

Delivery of
Nanoparticles

Thermal Imaging using
Photoacoustics

* The photoacoustic signal is given by
p(z)=T"p, F(2)
* The Gruneisen parameter is temperature-dependent

ﬂ(T) . C(T)2 B(T): thermal expansion coefficient
pir) = £0c)

c(T): speed of sound

C C,:

p " heat capacity

* Therefore, PA pressure p(z,T) <> temperature T

p(z,T)=0(T)- 1, -F(2) =(a+bT)- g1, - F(2)
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Photothermal Therapy using
Plasmonic Nanoparticles

0sec 60 sec 180 sec

US/PA

: .‘:, oo

NP Concentration

Thermal

nN
=]

Maximum AT (°C)

J
4 Time (min
0 1 2 3 4 5

Photothermal Therapy using
Plasmonic Nanopatrticles

Before Injection After Injection

_
_

d  — )
Temperature (°C)

Detection/Characterization/Therapy of
SLN using USPA Imaging
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Detection/Characterization of SLN and
Treatment of Micrometastases

O

Clearance of Nanoparticles

Diameter: 20 ~ 150 nm Diameter: less than 5.5 nm
Tumor Tumor
Liver\ Kidneys Liver \ Kidneys
B - { & uy
Bladder‘ Bladde;

Particles smaller than 5.5 nm in diameter are rapidly cleared
by kldney from the body' Choi, H.S. et al. Nature Biotechnology (2007)

Detection/Characterization of SLN and
Treatment of Axillary Lymph Nodes
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Detection/Characterization of SLN and
Treatment of Micrometastases

Detection and Characterization of SLN
using Molecular USPA Imaging

Tumor
Sentinel

;oq
0

680 750
nm nm
AN

* Molecularly sensitive dye
is injected near the tumor

— Matrix Metalloproteinases (MMP)
are associated with metastasis

Kufe et al. Cancer Medicine MMPSense 750 FAST (Perkin Elmer)

Drainage and Activation of
MMP-sensitive Dye

e —— e,
" =
=

Top view (MIP) . . .
Front view Side view
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Manopar
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Perfluorocarbon NanoDroplets
for PA and US Imaging

PFC
(Super Heated
Liquid) -

Biostealth Triple
Shell Positive
Targeting

Moieties

NIR Dye

rticlas

2.5-in-1 Contrast Mechanisms

4 5
] Y
US contrast: #
J Microbubble Ll
s
2 _ Laseq Pulse 5 1 .
B Y
H\::l:|g o ‘ f
PA contrast: 6y -
\ PFC vaporization d 3
) PA contrast: | o
N ressure Wave =
Nanoparticles =

2.5-in-1 Contrast Mechanisms

Biostealth
Shell

Targeting
Moieties

Ultrasound Thermal
Contrast Expansion

P 1
Pressure Wave -
& 1 d \\ 1 i
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Before laser irradiation
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Photoacoustic
contrast:
vaporization
of PFC-nDs
(laser-triggered
liquid-to-gas
phase transition)

USPA Detection of SLN
and Micrometastases

 Injection of molecularly targeted dual
contrast agent — PFC nanodroplets

After laser irradiation

Ultrasound
contrast:
vaporized
PFC-nDs
(remaining
gas
microbubble)
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Combined
Ultrasound and Photoacoustics

Monitoring Molecular Probe Augmented
Ultrasound/Photoacoustic (USPA) Imaging
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Detection/Characterization/Therapy of
SLN using USPA Imaging
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